Legionella pneumophila directs the formation of a specialized vacuole within host cells, dependent on protein substrates of the Icm/ Dot translocation system. Survival of the host cell is essential for intracellular replication of L. pneumophila. Strains lacking the translocated substrate SdhA are defective for intracellular replication and activate host cell death pathways in primary macrophages. To understand how SdhA promotes evasion of death pathways, we performed a mutant hunt to identify bacterial suppressors of the ΔsdhA growth defect. We identified the secreted phospholipase PlaA as key to activation of death pathways by the ΔsdhA strain. Based on homology between PlaA and SseJ, a Salmonella protein associated with vacuole degradation, we determined the roles of SdhA and PlaA in controlling vacuole integrity. In the absence of sdhA, the Legionella-containing vacuole was unstable, resulting in access to the host cytosol. Both vacuole disruption and host cell death were largely dependent on PlaA. Consistent with these observations, the ΔsdhA strain colocalized with galectin-3, a marker of vacuole rupture, in a PlaA-dependent process. Access of ΔsdhA strains to the macrophage cytosol triggered multiple responses in the host cell, including degradation of bacteria, induction of the type I IFN response, and activation of inflammasomes. Therefore, we have demonstrated that the Legionella-containing vacuole is actively stabilized by the SdhA protein during intracellular replication. This vacuolar niche affords the bacterium protection from cytosolic host factors that degrade bacteria and initiate immune responses.
vacuole stability | type IV secretion | innate immune sensing A n intracellular pathogen of fresh water amoebae, Legionella pneumophila is able to infect human alveolar macrophages and cause a severe form of pneumonia known as Legionnaires' disease (1) . L. pneumophila uses the Icm/Dot type IV secretion system to deliver at least 240 bacterial proteins into host cells (2) (3) (4) . The Icm/Dot system is essential for intracellular replication and directs the establishment of a specialized vacuolar niche (5, 6) . The Legionella-containing vacuole (LCV) avoids fusion with the lysosome and instead recruits vesicles from the host early secretory pathway (7) (8) (9) (10) . Several translocated proteins of L. pneumophila have been shown to modulate host cell trafficking pathways when expressed ectopically in model host cells and are implicated in formation of the replication vacuole (11) . No protein with a demonstrated role in controlling membrane traffic has been shown to be essential for vacuole formation or intracellular replication.
As sentinels of the immune system, macrophages use an array of innate immune defenses to detect the presence of pathogenic microbes, including several cytosolic proteins involved in sensing intracellular microbes. Triggering of these cytosolic sensors results in the activation of immune responses and frequently leads to death of the infected cell (12) . These innate immune defenses pose a challenge to intracellular bacteria, which depend on the survival of the host cell to complete their replication cycle. It has become apparent that intracellular pathogens have developed myriad strategies to avoid triggering innate immune sensors and to directly modulate host cell death pathways (13, 14) . Therefore, a delicate balance exists between the ability of the host cell to detect invading microbes and the ability of pathogens to hide from or subvert these defenses.
L. pneumophila is known to trigger several innate immune pathways after uptake into primary macrophages, including inflammasome (15) (16) (17) (18) and type I IFN (19) pathways. Various L. pneumophila Icm/Dot translocated substrates (IDTS) inhibit host cell death pathways and promote host cell survival. Among these translocated substrates, at least two, LegK1 and LnaB, are capable of activating a protective NF-κB response (20, 21) , five prolong the NF-κB response by inhibiting translation of IκB (22) , and one, SidF, inhibits members of the proapoptotic Bcl-2 family (23). We previously identified another IDTS, SdhA, that is essential for replication of L. pneumophila in macrophages and similarly appears to act as a host cell death inhibitor. The protection provided by SdhA is required throughout intracellular growth (24) ; in its absence, infected macrophages undergo rapid host cell death, characterized by caspase activation, mitochondrial disruption, and hyperinduction of a type I IFN response (25, 26) . Here we show that SdhA does not directly modulate the host innate immune response, but rather is required for maintaining the integrity of the LCV. In the absence of SdhA, the LCV is disrupted, resulting in both host cell death and degradation of cytosolic bacteria. Therefore, L. pneumophila uses a vacuolar niche to hide from cytosolic host defenses, and SdhA actively promotes the stability of this niche during intracellular replication.
Results
Identification of Mutations Suppressing the sdhA Mutant Phenotype.
We previously demonstrated that a L. pneumophila ΔsdhA strain causes activation of host cell death pathways in infected murine macrophages and is defective for intracellular replication (25) . To further understand the phenotypes of the ΔsdhA strain, we performed a screen to identify suppressor mutations that restore the ability of the ΔsdhA strain to replicate within macrophages (Fig.  S1 ). Pools of transposon insertion mutants isolated in a ΔsdhA strain were subjected to growth in model host cells, to enrich for strains with more efficient intracellular replication than the parent. Individual enriched strains were tested for their ability to replicate in murine macrophages. Fifty-five clones with better replication than a ΔsdhA strain were identified, and the sites of the transposon insertions in these strains were identified (Table S1 ). Insertions were identified in 42 ORFs and 5 intergenic regions.
By far the strongest suppressor of the ΔsdhA replication defect contained a transposon insertion in the plaA gene, which encodes a phospholipase that is a member of the SGNH family of hydrolases (27) and has been shown to cleave lysophosphatidylcholine (28) . In-frame deletions of plaA were constructed in WT, dotA − (defective for translocation), and ΔsdhA strains to determine the extent to which removal of plaA increased the efficiency of a ΔsdhA strain to replicate intracellularly. Over a 72-h period, the ΔsdhAΔplaA strain showed enhanced replication compared with the parental ΔsdhA strain, although replication was still significantly less efficient than that in WT (Fig.  1A) . In contrast, deletion of plaA did not affect intracellular replication of the WT strain or alter the intracellular fate of the dotA − strain (Fig. 1A) . Consistent with this observation, singlecell analysis by fluorescence microscopy showed that vacuoles harboring the ΔsdhAΔplaA strain contained more bacteria than vacuoles harboring the ΔsdhA strain (Fig. 1B) . The deletion of plaA had no effect on in vitro replication of L. pneumophila (Fig. S2 ), indicating that removal of plaA does not confer a general growth advantage to the bacterium. These data indicate that deletion of plaA specifically suppresses the growth defect of a ΔsdhA strain.
Given that a ΔsdhA strain activates host cell death pathways, we next analyzed the role of PlaA in cell death activation, quantifying host cell death by aberrant nuclear morphology.
Challenge of macrophages with the ΔsdhAΔplaA strain induced less frequent host cell death than challenge with the parental ΔsdhA strain and comparable host cell death to challenge with WT (Fig. 1C) . These data indicate that the high levels of host cell death caused by the ΔsdhA strain require PlaA function.
The active sites of SGNH family hydrolases include highly conserved residues that are essential for enzymatic activity. To establish that phenotypes associated with the absence of sdhA require the hydrolytic activity of PlaA, we constructed a plaA gene with five amino acid substitutions in its active site (Fig. S3) , and reintroduced this gene into the ΔsdhAΔplaA strain by homologous recombination. In parallel, a WT copy of plaA was reintroduced as a control. Reintroduction of the plaA gene into the ΔsdhAΔplaA strain was sufficient to reduce this strain's replication capacity to a level comparable to that of the ΔsdhA strain, whereas reintroduction of the plaA active site mutant resulted in a level of intracellular replication indistinguishable from that of the ΔsdhAΔplaA strain (Fig. 1D) . These data . Infected macrophages were stained for bacteria before (red) and after (blue) permeabilization of the cells, and the percentage of internalized bacteria detected before permeabilization was quantified (Materials and Methods). (D) Vacuoles were isolated from infected U937 cells (10) , fixed on glass coverslips, and stained for bacteria before and after permeabilization of the vacuole membrane. (E and F) Infected macrophages were stained for bacteria (red) and galectin-3 (green) (30) , and the frequency of colocalization was quantified. All images were obtained at 8 h after uptake. (Scale bars: 5 μm.)
indicate that the phospholipase activity of PlaA is required for the phenotypes associated with the absence of sdhA.
SdhA Is Required for LCV Stability. PlaA shares homology with SseJ from Salmonella Typhimurium. SseJ has been shown to modulate the stability of the Salmonella-containing vacuole during intracellular replication and causes the vacuole instability observed during intracellular replication of a ΔsifA strain (29) . This led us to examine the stability of the LCV in macrophages infected with the ΔsdhA strain. After fixation with 4% paraformaldehyde, the macrophage cell membrane was sufficiently permeable to allow immunostaining of cytosolic proteins, such as tubulin ( Fig. 2A) , but not proteins located in the lumen of organelles. As expected, intracellular WT L. pneumophila could not be detected by immunostaining before permeabilization of the macrophages (Fig. 2 A and B) . In contrast, by 4 h after uptake, the ΔsdhA strain could be detected without further permeabilization of the cells (Fig. 2 A and B) . These data indicate disruption of the integrity of the vacuolar membrane surrounding a ΔsdhA strain. Complementation of the ΔsdhA strain with a plasmid encoding sdhA was sufficient to prevent vacuole disruption (Fig. 2C) . To support the observation that SdhA is required for maintaining vacuole integrity, vacuoles were isolated from infected U937 cells. WT L. pneumophila could not be detected without permeabilization of the isolated vacuoles, whereas the ΔsdhA strain could be detected before permeabilization (Fig. 2D) .
Because the β-galactoside binding protein galectin-3 is specifically recruited to disrupted pathogen-containing vacuoles (30) , the presence of galectin-3 around the LCV was assessed using fluorescence microscopy. Less than 10% of vacuoles harboring WT L. pneumophila colocalized with galectin-3 in bone marrow-derived macrophages. In contrast, by 4 h after uptake, galectin-3 strongly localized to a region close to ∼50% of ΔsdhA bacteria by 4 h after uptake ( Fig. 2 E and F) . Taken together, these data demonstrate that SdhA is required to prevent disruption of the LCV during intracellular replication.
PlaA Is Required for Vacuole Disruption During sdhA Mutant Infection. Because mutations in plaA suppress the growth defect of a ΔsdhA strain, we investigated the role of PlaA in vacuole stability. We repeated the immunostaining assay to determine whether a ΔsdhAΔplaA strain was accessible from the cytosol. In contrast to the ΔsdhA strain, ΔsdhAΔplaA bacteria were not detected before specific permeabilization of the host cell (Fig.  3A) . Deletion of plaA in a ΔsdhA background restored vacuole integrity to WT levels, indicating that PlaA is required for vacuole instability in the absence of sdhA. Consistent with this finding, the ΔsdhAΔplaA strain failed to recruit galectin-3 (Fig. 3B) .
Vacuole Disruption Is Linked to Activation of Host Cell Death. Challenge with a ΔsdhA strain activates host cell death in macrophages, characterized by caspase activation, mitochondrial disruption, and nuclear condensation (25) . The presence of bacteria in the host cell cytosol may cause the activation of host cell death through activation of cytosolic innate immune sensors (12) . To determine whether activation of host cell death is connected to vacuole instability, we compared the activation of caspases and cathepsins by WT, ΔsdhA, and ΔsdhAΔplaA strains. Consistent with our previous findings, the ΔsdhA strain induced high levels of cysteine protease activity at 8 h after uptake, whereas infection with WT did not induce cysteine protease activity (Fig. 4A) . The ΔsdhAΔplaA strain induced significantly less cysteine protease activity than the ΔsdhA strain, consistent with a connection between disruption of the vacuole and activation of host cell death pathways (Fig. 4A) .
A ΔsdhA strain has also been shown to activate a robust type I IFN response (26) . We performed quantitative RT-PCR on infected macrophages to determine the role of vacuole stability in induction of IFN-β. At 4 h after uptake, the ΔsdhA strain caused a 7.5-fold induction of IFN-β expression compared with WT (Fig. 4B) . Deletion of plaA in the ΔsdhA strain reduced the induction of IFN-β transcript, although not to WT levels (Fig.  4B) . These data are consistent with the loss of vacuole integrity contributing to hyperactivation of the type I IFN response by a ΔsdhA strain.
We previously demonstrated that inhibition of caspases partially rescues the growth defect of a ΔsdhA strain, but that ΔsdhA-induced cell death also involves caspase-independent pathways (25) . Specific inhibition of caspase 1 with YVAD was as efficient at rescuing intracellular replication of the ΔsdhA strain as pancaspase inhibition with Z-VAD (Fig. 4C) , consistent with inflammasome activation being a main cause of caspase-dependent death. Similar results were obtained with macrophages isolated from caspase 1 −/− mice (Fig. S4A ). During infection with WT L. pneumophila, flagellin acts as the major activator of the inflammasome (15) (16) (17) . We constructed a strain lacking both sdhA and flaA to examine whether flagellin is responsible for inflammasome activation by the ΔsdhA strain. The ΔsdhAΔflaA strain was equally as defective as the ΔsdhA strain for intracellular growth, and the addition of YVAD was sufficient to partially rescue the growth defect of the ΔsdhAΔflaA strain (Fig.  4D) , indicating that flagellin is not essential for inflammasome activation by a ΔsdhA strain. Cytosolic L. pneumophila likely activates multiple host cell death pathways, as demonstrated by the fact that deletion of a single bacterial PAMP (Fig. 4D) or a single component of the host defense system (Fig. S4 ) is unable to rescue replication of the ΔsdhA strain. Cytosolic Bacteria Are Subject to Degradation. We frequently observed degraded bacteria in macrophages harboring a ΔsdhA strain. Degraded bacteria were characterized by a range of morphologies, including visible bacterial membrane blebbing, the appearance of L. pneumophila-specific punctae throughout the cell, and swollen and enlarged bacteria (Fig. 5A) . Quantification of this observation revealed that degradation of ΔsdhA bacteria began within 4 h after uptake and continued throughout the replication cycle, whereas few WT bacteria were degraded (Fig. 5B ). In addition, little degradation of the ΔsdhAΔplaA strain was observed (Fig. 5B) , indicating that L. pneumophila within an intact vacuole was not targeted for degradation.
Given that clearance of pathogens from the cytosol can occur through autophagy, we examined whether the absence of SdhA induces an autophagic response in host cells. Approximately 5% of WT L. pneumophila colocalized with LC3 (Atg8), a marker of autophagosomes, whereas by 4 h after uptake, ∼20% of ΔsdhA bacteria colocalized with LC3 (Fig. 5C ). Ubiquitination often serves as a platform for autophagosome assembly (31) , and Salmonella that escape their vacuoles are ubiquitinated and destroyed by infected macrophages (32, 33) . We detected no ubiquitination of ΔsdhA bacteria recovered from macrophages; however, because the LCV is heavily ubiquitinated (34) , remnants of the vacuole may act as platforms for autophagosome formation.
We also examined the affect of caspase inhibitors on degradation of ΔsdhA bacteria. Treatment with Z-VAD resulted in a partial inhibition of ΔsdhA degradation (Fig. 5D) , suggesting that cysteine protease-dependent pathways contribute to the degradation of cytosolic L. pneumophila.
Host Cell Death and Bacterial Degradation Occur Downstream of
Vacuole Disruption. The inability to maintain vacuole membrane integrity is tightly linked to the induction of host cell death and bacterial degradation; thus, we postulated that host cell death and bacterial degradation temporally follow escape of L. pneumophila into the host cell cytosol. To test this hypothesis, we undertook a detailed investigation of the timing of vacuole disruption, host cell death, and bacterial degradation. We found that the frequency of vacuole disruption accelerated at 2-3 h after uptake and was accompanied by an increase in cysteine protease activity (Fig. 6A) . The frequency of bacterial degradation began to increase after the initial increase in vacuole disruption, consistent with vacuole disruption as a precursor to degradation of cytosolic bacteria (Fig. 6A) . To determine whether cysteine protease activation occurs upstream or downstream of vacuole disruption, we quantified vacuole disruption in the presence and absence of a pan-caspase inhibitor. The addition of Z-VAD had no affect on the frequency of vacuole disruption (Fig. 6B) , indicating that host cell death does not occur upstream of vacuole disruption. Taken together, these data demonstrate that activation of host cell death and degradation of bacteria occur downstream of the release of L. pneumophila into the host cell cytosol. In summary, we have demonstrated that the L. pneumophila vacuole functions to protect the pathogen from cytosolic innate immune defenses, and that L. pneumophila actively promotes the maintenance of its vacuolar niche through the functions of SdhA.
Discussion
Like other intracellular pathogens, L. pneumophila requires the survival of its host cell for intracellular persistence and growth. However, numerous previous studies have shown that L. pneumophila triggers activation of host cell death through ligation of cytosolic innate immune sensors (15, 16, 26) , dependent on the presence of the Icm/Dot system (35, 36) . Despite these findings, however, cells infected with L. pneumophila display enhanced resistance to apoptosis (23, 37) . Thus, it is not surprising that L. pneumophila uses translocated effectors to actively inhibit cell death pathways (20) (21) (22) (23) . In this study, we have demonstrated that replication within a specialized vacuole is an essential survival mechanism for the bacterium. By residing within a vacuole, L. pneumophila avoids activation of host innate immune pathways that cause host cell death as well as bacterial degradation. We also have shown that L. pneumophila actively promotes the maintenance of its vacuole through the function of a single translocated effector, SdhA.
The controlled death of infected cells is an effective host defense mechanism that limits replication of the pathogen and promotes clearance by neighboring phagocytes. Exposure of L. pneumophila to the host cell cytosol in the absence of vacuole stabilization by SdhA resulted in activation of host cell death. An important feature of this death is activation of caspase 1; however, the absence of caspase 1 activity rescues the ΔsdhA growth defect only partially (Fig. 4C and Fig. S4A ). This finding is consistent with previous data showing that cell death caused by a ΔsdhA mutant occurs through caspase-dependent and -independent pathways (25) . The presence of L. pneumophila in the cytosol likely activates several redundant cell death pathways.
Consistent with this hypothesis, the absence of bacterial flagellin or of Nalp3, IFNR, or AIM2 did not affect intracellular replication of a ΔsdhA strain (Fig. 4D and Fig. S4 B-D) .
In addition to host cell death activation, we observed host cell degradation of cytosolic L. pneumophila. Our findings indicate that cysteine proteases contribute to bacterial degradation, and that there is an increased autophagic response to the ΔsdhA strain relative to WT. Whether there is a direct connection between bacterial degradation and cell death activation is not clear, but release of bacterial products resulting from bacterial degradation certainly should trigger inflammasome-dependent cell death pathways. Previous results are consistent with the absence of SdhA causing increased release of bacterial nucleic acids, given that ΔsdhA strains cause hyperstimulation of the type I IFN response, dependent on the presence of cytosolic RNA sensors (26) . The most likely explanation for this finding is that the absence of SdhA causes bacterial degradation, which releases bacterial products, including nucleic acids. In support of this hypothesis, recent work has demonstrated that infrequent bacteriolysis of Listeria monocytogenes and Francisella novicida in the macrophage cytosol results in activation of cell death through ligation of the cytosolic DNA sensor AIM2 (38, 39) . Growth defects of ΔsdhA mutants are likely the result of host cell death in concert with bacterial degradation; however, the possibility exists that growth in a damaged vacuole or in the cytosol is not permissive for L. pneumophila replication. We previously reported a mild growth defect in amoebae and U937 cells in a ΔsdhA strain (25) , which might be the result of growth in a suboptimal niche, such as the cytosol.
We have demonstrated that SdhA functions to counteract the membrane destabilization promoted by PlaA. Wse found that the active site of PlaA was required for vacuole disruption, indicating that PlaA's lipase activity contributes to vacuole instability. It is likely that the destabilizing role of PlaA is related to direct targeting of vacuole membrane lipids. PlaA is homologous to the translocated phospholipase SseJ from Salmonella Typhimurium. The activity of SseJ is modified by host cell factors (40); thus, although PlaA has been shown to cleave lysophospatidylcholine in vitro (28) , the in vivo activity of PlaA may be altered. Similar to PlaA, SseJ is involved in vacuole membrane disruption in the absence of another translocated effector protein, SifA (29) . SifA modulates the movement of the Salmonellacontaining vacuole (SCV) on microtubules by regulating the recruitment of microtubule motors to the SCV membrane (41, 42) . It has been suggested that the misregulation of SCV trafficking seen in the absence of SifA leads to physical stresses that the SCV membrane cannot withstand and results in vacuole rupture (43) . In the absence of SseJ, the composition of the SCV membrane may result in a vacuole with increased structural stability and the ability to withstand physical stress. SifA and SdhA share no homology, but the similarities in phenotype may reflect analogous functions. The LCV has been shown to traffic on microtubules during the early stages of intracellular replication (44), consistent with a critical role of productive interactions with the microtubule network for structural integrity of the replication vacuole.
In summary, we have determined that replication within a vacuole is the primary innate immune avoidance mechanism used by L. pneumophila. Disruption of the vacuole membrane during intracellular replication in macrophages is fatal to both the host cell and the bacterium. We have shown that SdhA is required to maintain vacuole integrity and have identified a phospholipase that contributes to vacuole instability. Furthermore, this is the only IDTS identified so far that is absolutely indispensible for proper biogenesis of the replication vacuole. This work adds to other recent work defining a new paradigm in the survival of intravacuolar pathogens, that maintenance of pathogen-containing vacuoles promotes intracellular survival and is an active process directed by the pathogen (45). 
Materials and Methods
Bacterial Strains and Cell Culture. Bacterial strains (Table S2) were grown as described previously (46) . Bone marrow-derived macrophages were isolated and cultured as described previously (7), with A/J mice the macrophage source unless stated otherwise. U937 cells were cultured and differentiated as described previously (20) . Cells were incubated with L. pneumophila strains as described previously (46) , and intracellular growth was quantified following standard procedures (2) . Random miniTn10 (Kan R ) insertions in the L. pneumophila chromosome were isolated as described previously (25) . Deletion mutations in selected L. pneumophila genes were constructed using standard strategies (46) . Site-directed mutagenesis was performed to mutate critical residues in the PlaA active site using the QuikChange protocol (Stratagene). Further details of the strains and cloning strategies are provided in SI Materials and Methods and Table S3 .
Isolation of Suppressor Mutations. A library of Kan R miniTn10 insertions isolated in a ΔsdhA strain was divided into 15 pools of ∼1,000 individual insertions. To enrich for mutants able to outcompete the parent, these pools were incubated in parallel, with bone marrow-derived macrophages and U937 cells at low multiplicity of infection values. Intracellular replication was allowed to proceed for 72 h, after which bacteria were recovered on CYE plates. Individual strains from these plates were again incubated with macrophages for 72 h, and relative intracellular replication was determined by plating. Insertion mutants that yielded higher CFU counts than the ΔsdhA strain were further analyzed by fluorescence microscopy to quantify bacterial replication at a single-cell level (46) . Infection Experiments. Fluorescence microscopy was performed following standard procedures (47) , and all antibodies were used in accordance with the manufacturer's instructions. FITC-VAD (MP Biomedicals) was used to detect active cysteine proteases, and nuclei were stained using Hoechst stain (Invitrogen). Intact vacuoles were isolated as described previously (10) . RNA isolation and quantification of relative transcript levels were performed as described previously (48) . These experiments are described in detail in SI Materials and Methods.
